We localized Qpe 111 collagen by immunogoldckctron miwscopy iniesin sectiomdintaa normal andmteoarthritic human articular cartilage. Comparisons of antibody s t a bing between tissue prepared by h i g h -p m r e cryofiion and freeze-substitution without fiiatines and that errposed to c o n v e n u d mild chemical fwtisn with paraformaldehyde s h d that dedicated ayoachniques yieMed superior preservation of +topes that are modifid by chemical fixation, and simdtaneously provided pod d t m t r u d preservation. Type III collagen was detected with two p l yclonal antibodies, one against the uipk-helical domain of the molecule and a semnd against themore antigeml, globular animo pro-peptide domain, which in this cdhgen is retained in the ennacellular matrix after secrehion. Positive labeling was seen in association with the major interstid fibrils, sugecfting co-polymerization ofTy.lses IH and P collagen in cartilage. Typ III collagen d d not be detected in aldehyde-fixed n o d cartilage. In fixed osteaarthritic
Introduction
Cartilage exhibits comiderable heterogeneity in the collagenmu components of ita actracellularmatrix. Collagen Types 11, VI, E, and XI are present in articular cartilage, whereas Type X is a characteristic constituent of growth plate cmilage matrix (Kie1ty et d, 1993; Maync, 1989 ). In addition, early studies of degenerative cartilage in osteoarthritis have identified minor amounts of Types I and I11 collagen, suggesting an alteration in chondrocyte phenotype with respect to collagen synthesis in this d k (Adam and Deyl, 1983; Gay et al., 1976; Nimni and Deshukh, 1973 may neterthelee represent a marker for cartilage degenerscibn, as it bas been shown to be increased, in the absence of detectable Tee I expression, in association with osteoarthritis (Aigner et al., 1993) . The oqanization of Type 111 collagen in cartilage is unknown.
In cwtrast, the major Type II interstitial fibrils of the matrix have k n shown to be heteropolymeric, with type IX collagen derorating the fibril surface in D -p e r i k arrays, whereas Type XI collagen is present at the fibril core {Mendler et al., 1989; Vaughan et al., 19f38) . This important evidence derives from electron microscopy of fibrils that were mechanically extracted from the matrix and labeled in suspension with specific anribodies. Therefore, the question arises of whether all cartilage fibrils exhibit this structure or whether regional differences exist throughout the thickness of the tissue. To address these questions. it is necessary to examine collagen distribution in intact sections of cartilage without prior disruption or extraction of the matrix. A major difficulty in rhc identification of intact tissue antigens is the need to preserve antigenicity, i.e., the conformational integrity of the epitopes. and to achieve adequate ultrastructural presemuon. Previous methods of aqueous fixation, dehydration, and resin embedding for electron microscopy give rise to considerable changes in tissue structure, including extraction, precipitation, and collapse of labile molecular constituents (Hunziker, 1993) . Furthermore, conventional chemical fixation in aldehyde solutions can lead to almost complete loss of antigenicity owing to the formation of intermolecular cross-links.
Collagen epitopes appear to be particularly sensitive to aldehyde fixation.
To overcome the problems associated with structural artifacts induced by conventional aqueous fixation and dehydration procedures, altemative methods of tissue preparation employing low temperature have been developed. These methods have been applied to cartilage, with considerable improvements in the ultrastructural preservation of chondrocytes and matrix (Hunziker, 1993; Keene and McDonald, 1993; Akisaka and Shigenaga, 1983) and superior immunolocalization of matrix proteoglycan epitopes (Hunziker and Herrmann, 1987) . To date, however, it has not been possible to successfully localize specific collagens by these methods, and it has been suggested that a particular stage in the cryotechnical process may give rise to conformational changes in collagen epitopes (Hunziker, 1993) .
Interstitial collagens are secreted from the cell in the form of pro-collagens possessing additional amino-and carboxy-terminal pro-peptides, which are normally cleaved by specific peptidases before assembly of the residual triple-helical component, plus extension telopeptides, into banded fibrils. Unlike the case for Types I and I1 collagen, the amino (N-terminal) pro-peptide of Type 111 collagen is retained after secretion and the intermediate pN collagen 111 is believed to be a constituent of newly formed fibrils (Fessler et al., 1981; Fleischmajer et al., 1981) . In the present study, we accomplished immunoelectron microscopy of Type 111 collagen in resin sections of intact normal and osteoarthritic human articular cartilage, prepared either by high-pressure freeze-fixation, freezesubstitution, and low-temperature embedding or by mild chemical fixation, followed by dehydration with progressive lowering of temperature and low-temperature embedding. Type I11 collagen immunostaining was compared by use of polyclonal antibodies directed against either the helical domain of the pepsin-extracted collagen or the amino pro-peptide of pN collagen Type 111. Our results demonstrate that high-pressure freeze-fixation and freezesubstitution can preserve the antigenicity of collagen epitopes that appear to be masked or modified by conventional aldehyde fixation and dehydration techniques.
Materials and Methods
Articular cartilage was obtained from the femoral heads of patients undergoing hip replacement surgery. Normal cartilage specimens were taken from limb amputations or femoral head fractures. Samples were processed for microscopy as follows.
Chemical Fixation. Full-thickness slices of articular cartilage were fixed hv immersion in 4% paraformaldehyde in PBS for 2-24 hr. Small blocks (3 x 1 x 1 mm) were dissected free, and after blocking free aldehyde groups in 0.5 M ammonium chloride they were dehydrated, with progressive lmring of temperature, into 90% ethanol at -20'C. Resin infiltration was then carried out via 1:1 (vh) 90% ethanollowicryl K4M (Aga~ Scientific; Stansted, UK) and several changes of 100% Lowicryl at -2O'C before polymeriza-tion in a nitrogen atmosphere at -35°C as described previously (Glauert and Young, 1989) .
High-pressure Cryofixation. Similar slices of cartilage were stored for up to 16 hr in Eagle's MEM + 5% fetal calf serum at 37'C or wrapped tightly in Clingfilm within a sterile vial at 4°C to restrict changes in tissue hydration before cryofixation. Discs of cartilage, approximately 2 x 0.1 mm, were cut carefully with a microtrephine and sandwiched between two aluminum planchettes. This assembly was transferred to a Balzers 010 HPM machine (Balzers Union; Liechtenstein) in which the tissue was rapidly cryofixed at 2100 bar pressure. Ice in the samples was freeze-substituted over 24 hr in pure methanol (Aldrich Chemical; Gillingham, UK), at -9O' C in a Reichert AFS system. The samples were then infiltrated with Lowicryl HM20 resin (Agar Scientific; Stansted, UK) via 1:3, 1:1, and 3:l resin:methanol mixtures for 1 hr each, several changes in 100% resin, and polymerized by uv light for 2 days at ->Soc. Antibody Labeling. Ultra-thin sections were cut from these blocks on a Reichert Ultracut microtome and mounted on collodion-coated copper grids before immunostaining. Sections were treated with bovine testicular hyaluronidase (Sigma Chemicals; Poole, UK) (2 mg/ml) in PBS at 37°C for 1 hr before exposure to primary antibodies diluted in PBS/l% bovine serum albumin (BSA) and either (a) a rabbit polyclonal antibody to pN collagen Type 111, diluted 1:500, or (b) a polyclonal antibody raised in goat to the pepsin-extracted (triple-helical) domain of human Type I11 collagen, at a dilution of 1:lOO. These antibodies are the same as those used previously (Wotton and Duance, 1994; Aigner et al., 1993) , and have been extensively characterized by ELISA and Western blotting for crossreactivity to other collagen types and fragments (see Wotton and Duance, 1994; Nowack et al., 1976) . Control sections were incubated with PBS/l% BSA alone.
In addition, to test for nonspecific binding of rabbit and goat antibodies to human collagen, some sections were incubated with antibodies to cytoskeletal proteins, rabbit anti-tropomyosin and goat anti-vimentin, used at comparable dilutions to those of anti-collagen antibodies. After 2-3 hr incubations, sections were washed in several changes of PBS/l% BSA for a total of 30 min and exposed to secondary antibodies conjugated to colloidal gold particles, either goat anti-rabbit IgGlO-nm gold or rabbit antigoat IgG5-nm gold (Biocell; Cardiff, UK), at a dilution of 1:20 in PBS/l% BSA. After further washes for 30 min in PBS, a brief fixation in 2% glutaraldehyde in PBS and final washes in Millipore-filtered distilled water, the sections were contrasted in uranyl acetate and lead citrate and viewed in a Philips 400 transmission electron microscope at 80 kV.
Results

Uhrastructural Preservation
Excellent preservation of the collagenous extracellular matrix of human cartilage was achieved by high-pressure freezing, freezesubstitution, and low-temperature embedding (Figure 1 ). Collagen fibrils showed strong electron contrast and a D-periodicity of 64 nm, indicating a shrinkage of approximately 4.5 YO over the 67nm accepted value from X-ray diffraction measurements of native hydrated Type I1 collagen (Brodsky and Eikenberry, 1985) . This compares favorably with values calculated from samples dehydrated on support films for rotary shadowing. The interfibrillar matrix appeared finely granular at high magnification. This proteoglycanrich sol was absent from preparations treated by hyaluronidase enzyme digestion for immunolocalization studies.
In general. chondrocyte preservation appeared suboptimal compared with earlier descriptions of samples processed in freezesubstitution media containing osmium fixatives. Cell membrane, Figure 1 . The collagenous matrix is well preserved in normal human cartilage prepared by high-pressure cryoflxation. freeze-substitution in methanol alone, and low-temperature embedding. Bar = 500 nm. Figure 2 . Chondrocyte preservation is suboptimal in normal human cartilage prepared by high-pressure cryofixation. freeze-substitution in methanol alone, and low-temperature embedding. Cell membrane (m). nucleus (n) and organelles are recognizable. but the cytoplasm is disrupted by segregation artifacts caused by ice crystal formation (arrows). Bar = 500 nm. organelles, and nucleus were recognizable, although various extents of ice crystal damage were evident as electron-lucent spaces within the cytoplasm (Figure 2) .
Immunoloculizution
The results of immunolocalization of Type I11 collagen in normal and osteoarthritic cartilage using antibodies directed against pN collagen Type I11 or against the helical region of the molecule are summarized in Table 1. Chemical Fixation. No labeling for Type I11 collagen was detected in normal articular cartilage using either of the Type I11 antibodies (Figures 3a and 3b ). In samples from osteoarthritic joints, Type I11 collagen was indicated by abundant gold labeling in sections exposed to the antibody directed against pN collagen I11 (Figure 3c) . In contrast, no labeling was detected on parallel sections exposed to the antibody against the triple helix (Figure 3d ).
High-pressure Cryofixation. Type I11 collagen was indicated by dense gold labeling on sections of both normal and osteoarthritic cartilage prepared by cryotechnical methods (Figure 4 ). Type I11 could be detected both with antibodies directed against pN collagen I11 (Figures 4a and 4c ) and against the triple-helical domain of the Type I11 collagen molecule (Figures 4b and 4d ). Figure 3. Extracellular matrix in (a,b) normal and (c,d) osteoarthritic human cartilage prepared by conventional paraformaldehyde fixation. Sections were exposed to antibody to pN collagen type Ill (a$) or antibody to the triple-helical domain of Type 111 collagen (b,d) . Positive labeling, indicated by gold particles, is present only in osteoarthritic cartilage exposed to the antibody against pN collagen 111 (c). Bars = 300 nm. 111 collagen (b,d) . Positive labeling is indicated by gold Particles in all four samoles. Bars = 300 nm.
Positive labeling was identified as a diffuse scatter of gold particles associated with collagen fibrils of wide-ranging diameter in longitudinal and transverse section throughout the cartilage matrix in the upper mid-zone. In some preparations, particularly with the antibody to pN collagen applied to sections of osteoarthritic cartilage, increased labeling density was observed at pericellular sites compared to that present in the interterritorial matrix of the chondrocytes (Figure 2) . In addition, low levels of intracellular labeling were observed in these preparations, with gold particles associated with cytoplasmic vacuoles and membranes of the endoplasmic reticulum. In control sections of all preparations, gold particles were infrequent or absent.
Discussion
visualization of collagen interactions in cartilage requires application of high-resolution transmission electron microscopy in conjunction with collagen-specific primary antibodies and secondary antibodies labeled preferentially with colloidal gold. Classical studies employing this approach (Mendler et al., 1989; Vaughan et al., 1988) have led to our current concepts of fibril heterogeneity in cartilage with Types 11, IX, and XI collagens co-assembled into single fibrils. However, these observations derive from fibril isolates from mechanically disrupted tissue, and labeling on intact tissue sections is necessary to acquire precise information concerning the association of different collagens in relation to other morphological features of the tissue, such as cells and interfaces.
It is now generally accepted that conventional techniques of fixation, dehydration, and embedding for electron microscopy actually lead to considerable alterations in the native state of biological macromolecules because of denaturation, molecular displacement, and aqueous dehydration (Hunziker, 1993) . These factors become critical when it is necessary to preserve both ultrastructure and antigenicity for immunolocalization studies. In this respect, collagens present an especially difficult challenge. Antigenic domains on collagen can be determined by either sequence or conformation, and can reside within the triple-helical, telopeptide, or pro-peptide domains of the molecule (Glattauer et al., 1990) . The high affinity of the collagen triple helix for interaction with cross-linking fixatives, such as aldehydes, appears to be a major drawback to the use of these popular fixatives for immunocytochemical studies. Glutaraldehyde reacts primarily with the €-amino groups of lysyl and hydroxy-lysyl groups (Bowes and Cater, 1968) , introducing additional bulky mass to the fibril and also altering the secondary and tertiary conformation of the protein. Paraformaldehyde reacts similarly but does not form polymeric cross-links. The changes introduced by these reagents, in particular by glutaraldehyde, are evidenced by modifications in the staining pattern of fixed fibrils (Chapman et al., 1990) , and these may mask or modify the epitopes for specific antibodies. Despite these problems, some success has been achieved in collagen-type localization by electron microscopy using pre-embedding immunolocalitation, cryoultra-thin sections of mildly fixed tissue, or post-embedding staining of mildly fixed resin sections (Becker et al., 1991; Marshall et al., 1990; Birk et al., 1988) . However, the disadvantages of aqueous fixation methods and poor penetration of antibodies into tissue blocks have not usually been taken into consideration.
Low-temperature methods, including rapid freeze-fixation, freeze-substitution, and resin embedding at low temperature, potentially offer the best opportunity at present to overcome the drawbacks of other methods. We have used high-pressure freezing at 2100 bar in conjunction with freeze-substitution at -90°C in a fixativefree system in methanol to optimize the preservation of epitopes (Nicolas and Bassot, 1993; Monaghan and Robertson, 1990) . By lowering the freezing point of water, high-pressure freezing obviates the need for such rapid cooling rates and may facilitate cryofixation of tissue blocks to a depth of up to 600 pm without ice crystal disruption (Sartori et al., 1993; Moor, 1987) . Subsequently, low-temperature embedding was performed at -30°C. Comparisons of the efficacy of antibody labeling after this dedicated lowtemperature technique avoiding chemical fixatives have therefore been possible with tissue prepared along conventional lines by mild fixation in paraformaldehyde, dehydration with progressive lowering of temperature, and low-temperature embedding. In addition, we have compared immunolabeling with two different antibodies, one against pN collagen Type 111, the other against the helical domain of the Type 111 collagen molecule.
Type 111 collagen is not generally considered to be a typical component of the fibrillar matrix of cartilage, although its presence, in addition to Type I collagen, has previously been reported in osteoarthritis (Adam and Deyl, 1983) . In a recent resurgence of interest in the occurrence of Type 111 collagen in cartilage, Wotton and Duance (1994) showed Type I11 also to be a minor component of normal tissue. In osteoarthritis, increased expression of Type 111 collagen, in association with Type I1 collagen biosynthesis but independent of Type I collagen production, was demonstrated by in situ hybridization studies (Aigner et al., 1993) . The influence on cartilage structure and function of this apparent uncoupling of the normal coordinated synthesis of collagens by chondrocyte subpopulations in osteoarthritis has yet to be investigated. However, an alteration in the proportions of collagenous components of cartilage would be expected to critically affect the stability of the fibrillar matrix.
Previously, it has not been possible to identify the precise organization of Type 111 in relation to other collagens in the matrix. In this study, we have located Type 111 collagen in association with fibrils of diverse diameter throughout the matrix of the upper midzone in cartilage. The major fibrillar component of cartilage is known to be Type I1 collagen. In view of the very small amounts of Type 111 collagen found in cartilage (Wotton and Duance, 1994) , the presence of gold labeling on the major interstitial fibrils indicates that, in addition to Types M and XI collagen (Mendler et al., 1989) Type I11 also appears to be a component of the Type I1 fibrils. Further confirmation of this possibility awaits the results of experiments in progress to perform dual immunolocalitation of collagen types on sections of low-temperature processed cartilage specimens.
In chemically fixed cartilage, antibody staining for Type I11 collagen was found only in the osteoarthritis samples exposed to the antibody directed against the pN collagen. Type 111 collagen may be present in osteoarthritic cartilage in higher concentrations as pN collagen 111, because this represents newly synthesized collagen deposited in the matrix. In addition, although some antigen is presumably lost through masking by the fixative, sufficient an-tigen survives this treatment to provide a positive signal. The higher antigenicity of the amino pro-peptide may also facilitate antibody staining in chemically fixed tissue. No labeling was detected in fixed normal or osteoarthritic samples when the antibody against the aldehyde-sensitive helical domain was used. In contrast, in highpressure cryofixed tissue, Type 111 collagen could be detected in both normal and osteoarthritic cartilage when either antibody was employed. This demonstrates that fixation by high-pressure freezing and freeze-substitution, in the absence of chemical fixatives that would mask epitopes, was able to preserve both the epitope within the amino pro-peptide domain and also the more sensitive epitope residing in the triple-helical domain, recognized by the antibody derived from pepsinized Type 111 collagen.
These data confirm the presence of Type 111 collagen both in normal and osteoarthritic human articular cartilage. This is the first report of collagen localization in connective tissue prepared for immunolabeling by high-pressure cryofixation followed by freezesubstitution and low-temperature embedding. The differential staining reported here in samples prepared by these dedicated lowtemperature methods compared to those treated by conventional fixation techniques clearly demonstrates the value of cryotechniques in preservation of antigens that may be intolerant to conventional aqueous fixation methods. High-pressure cryofixation should prove to be an invaluable approach to identifying the interrelationships between collagens in intact tissue sections.
